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1.  Introduction 


The  development  of  a  bulk  nano-grained  tungsten  material  has  been  the  subject  of  ongoing 
research  at  the  U.S.  Army  Research  Laboratory  (ARL),  Aberdeen  Proving  Ground,  MD.  While 
it  has  been  shown  that  a  powder  metallurgy  approach  can  lead  to  bulk  nano-grained  tungsten 
material  (i,  2),  it  has  been  a  persistent  challenge  to  achieve  full  density.  Commercially  available 
tungsten  must  undergo  complex  multi-step  processes  (both  hot  and  cold  working)  to  obtain  a 
fully  dense  part  (3).  Similar  procedures  may  need  to  be  developed  to  produce  fully  dense  nano¬ 
crystalline  tungsten. 

One  problem  with  post-processing  procedures  is  that  bulk  nano-grained  materials  are  often  less 
ductile  than  their  large  grained  counterparts  (4).  With  conventional  commercial  tungsten,  the 
brittle  nature  of  the  material  is  overcome  by  incorporating  multi-step  hot  working  procedures. 
However,  for  nano-tungsten,  recrystallization  and  grain  growth  become  an  issue  during 
processing  at  elevated  temperatures.  Commercially,  rhenium  is  often  added  to  tungsten  to 
improve  ductility  and  high  temperature  stability  (5).  By  adding  rhenium  to  nano-tungsten, 
enough  ductility  might  be  developed  to  allow  for  hot  working  at  temperatures  low  enough  to 
prevent  grain  growth. 

Prior  to  swaging,  it  needs  to  be  determined  whether  or  not  the  rhenium  addition  does  impart 
ductility  to  nano-tungsten  and,  if  so,  at  what  temperatures  and  conditions.  In  order  to  test  the 
mechanical  properties  of  nano-tungsten  with  rhenium  at  high  temperatures,  the  Gleeble  unit  (a 
digital  version  of  the  1500  model  produced  by  Dynamic  Systems  Incorporated,  Poestenkill, 

New  York)  at  ARL  was  used.  The  Gleeble  is  a  process  simulation  machine  designed  to  mimic 
the  thermal  and  mechanical  conditions  that  arise  during  processing  (6,  7).  For  compression 
testing  at  temperature,  the  Gleeble  was  chosen  over  an  Instron  (electromechanical  test  frame 
produced  by  Instron,  Norwood,  Massachusetts)  because  it  can  handle  higher  temperatures,  has 
faster  heating  rates,  and  Gleeble  experiments  can  be  easily  run  in  a  vacuum  and  prevent 
oxidation  during  testing. 


2.  Objectives 


The  goals  of  the  Gleeble  experiments  were:  (1)  establish  mechanical  strengths  for  nano-tungsten 
samples  developed  at  ARL  with  and  without  rhenium  and  compare  to  conventional  commercially 
available  tungsten,  (2)  establish  whether  or  not  the  rhenium  imparts  the  ductility  needed  to  post¬ 
process  nano-tungsten  samples,  and  (3)  establish  the  post-processing  conditions  (temperature  and 
force)  needed  to  fully  densify  nano-tungsten. 
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3.  Procedure 


Nano-tungsten  rods  produced  via  powder  metallurgy  at  ARL  and  containing  0%,  5%,  and  10% 
rhenium  were  selected  for  Gleeble  experimentation.  Cylindrical  samples  were  machined  from 
the  rods  using  wire  electrical  discharge  machining  (EDM);  the  test  samples  had  a  diameter  of 
7  mm  and  a  length  of  7  mm.  The  sample  sizes  were  chosen  to  maximize  the  number  of  samples 
available  from  each  rod  while  maintaining  a  length  to  diameter  ratio  of  1 .0.  Conventional 
tungsten  rods  (purchased  from  Buffalo  Tungsten  in  Depew,  New  York)  were  sectioned  into 
cylindrical  samples  with  a  diameter  of  10  mm  and  a  length  of  15  mm.  These  samples  were 
chosen  to  provide  a  general  comparison  to  fully  dense,  coarse  grained  tungsten;  it  was  deemed 
impractical  to  machine  them  down  to  the  same  dimensions  as  the  nano-tungsten  samples. 

For  compression  testing,  the  Gleeble  used  two  steel  anvils  with  removable  tungsten  carbide 
inserts.  The  inserts  were  19.05  mm  (0.75  in)  in  diameter  and  25.4  mm  (1  in)  long;  they  were 
purchased  from  North  American  Carbide  in  Orchard  Park,  New  York.  The  anvils  were  anchored 
in  place  in  two  jaws;  the  left  jaw  is  mobile  and  the  right  one  is  stationary.  Prior  to  testing,  the 
inserts  were  coated  with  graphite  paint,  which  acted  as  a  conductive  lubricant  to  minimize 
secondary  tensile  stresses  caused  by  friction.  Before  the  paint  dried,  graphite  foil  was  affixed  to 
the  center  of  the  front  face  of  the  inserts;  the  foil  was  intended  to  behave  as  a  diffusion  barrier  to 
prevent  the  tungsten  samples  from  fusing  to  the  tungsten  carbide  inserts  at  elevated  temperatures. 
After  the  anvils  were  prepared,  the  sample  was  placed  in  the  test  chamber  and  held  in  place  with 
a  compressive  load  of  200  kgf. 

Prior  to  loading  the  sample,  an  L-gauge  (a  linear  variable  differential  transformer  designed  to 
interface  with  the  Gleeble)  was  attached  to  measure  strain  across  the  sample  during  testing.  The 
L-gauge  was  used  because  it  is  believed  to  provide  a  more  accurate  strain  measurement  than 
using  the  machine  stroke,  which  measures  displacement  across  the  entire  system.  It  can  be  used 
here  to  get  an  understanding  of  the  compliance  in  the  Gleeble  system  and  determine  if  data 
collected  using  the  machine  stroke  is  as  accurate.  The  L-gauge  was  calibrated  before  each 
experiment  by  comparing  the  actual  and  measured  displacement  of  the  anvils.  Figure  1  shows  a 
simplified  cartoon  schematic  of  the  Gleeble  and  figure  2  is  a  photograph  of  a  sample  loaded  into 
the  Gleeble  with  the  L-gauge  installed. 
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Figure  2.  A  tungsten  sample  loaded  into  the  Gleeble. 

After  loading  a  sample,  we  positioned  and  focused  the  pyrometer.  Prior  to  running  the 
experiments,  a  test  sample  was  used  to  calibrate  the  pyrometer.  Thermocouples  were  welded  to 
the  surface  of  the  test  sample,  and  then  a  current  was  passed  through  the  anvils  to  heat  the 
sample  via  Joule  heating.  During  calibration,  the  pyrometer’s  emissivity  was  adjusted  until  the 
output  of  the  pyrometer  matched  the  output  of  the  thermocouples.  The  pyrometer  is  preferred 
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over  the  thermocouples  because  the  thermocouples  tend  to  detach  from  the  sample  during 
compression  testing.  For  testing,  the  pyrometer  was  positioned  to  focus  on  the  sample  near  the 
stationary  jaw,  ensuring  that  the  pyrometer  remained  focused  on  the  sample  as  it  compressed 
(figure  3). 


Figure  3.  A  sample  loaded  into  the  Gleeble.  The  red  dot  is  from  the  pyrometer 
focusing  laser  pointer. 

Once  the  pyrometer  was  set  up,  a  glass  top  was  put  into  position  closing  off  the  Gleeble’ s  test 
chamber,  and  the  vacuum  system  was  engaged.  The  chamber  was  pumped  to  a  vacuum  level 
between  1  and  5  militorr  then  evacuated  and  purged  with  argon  three  times  before  each  test. 

The  nano-tungsten-based  samples  were  compressed  3  mm  (43%  of  the  total  sample  length)  in 
20  s;  this  corresponds  to  a  strain  rate  of  2*1  O'2  s'1.  The  commercial  samples  were  compressed 
6.43  mm  (43%  of  the  total  sample  length)  in  20  s,  which  also  corresponds  to  a  strain  rate  of 
2*1  O'2  s'1.  Samples  were  compressed  at  1000,  1100,  1200,  and  1300  °C.  The  samples  were  first 
heated  to  400  °C  by  applying  a  constant  current  in  order  to  heat  the  sample  to  the  low  end  of  the 
effective  measurement  range  of  the  pyrometer  (350  to  2600  °C).  At  400  °C,  the  Gleeble  was 
switched  to  pyrometer  control  and  the  applied  current  was  automatically  adjusted  to  achieve  the 
programmed  temperature  in  3  min.  During  testing,  force,  temperature,  and  displacement  (both 
across  the  machine  [stroke]  and  across  the  jaws  [L-Gauge])  were  collected.  True  Stress  and  True 
Strain  were  determined  during  testing  using  the  following  formulas: 
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True  Stress  = 


Force 


(i) 


and 

True  Strain  =  In  fL°+AL\  t  (2) 

v  lq  j 

where  AL  is  collected  as  displacement  (either  machine  stroke  or  L-Gauge  values  can  be  used) 
and  d0  and  L0  are  the  starting  diameter  and  length  of  the  sample.  Density  measurements  were 
also  taken  before  and  after  testing  using  Archimedes  principle. 

Samples  were  also  tested  at  room  temperature  on  an  Instron  load  frame  with  a  222.41  kN 
(50  kip)  load  cell.  The  samples  were  compressed  at  the  same  strain  rate  as  on  the  Gleeble. 

Microscopy  was  used  to  identify  any  microstructural  changes  that  occurred  during  testing  either 
from  temperature  or  mechanical  effects.  Representative  samples  of  the  consolidated  tungsten 
before  and  after  testing  were  chosen  based  on  which  samples  showed  the  most  compression. 
Microscopy  images  were  taken  along  the  compression  plane  (along  the  length  of  the  sample  in 
the  direction  of  compression  during  testing)  and  in  the  transverse  plane  (perpendicular  to  the 
compression  plane)  as  shown  in  figure  4. 


Figure  4.  A  cartoon  schematic  showing  how  samples  were  cut  for 
microscopy. 
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4.  Results  and  Discussion 


Table  1  shows  the  densities  of  the  samples  produced  at  ARL. 
Table  1.  Density  prior  to  and  after  compression  testing. 


Sample  ID 

%  RE 

Initial  Density 

(cm3) 

Density  after 
Compression 

(cm3) 

%  Change  in 
Density 

Test 

Temperature 

NT1 

0 

18.08 

18.27 

1.06 

1000 

NT3 

0 

18.29 

18.42 

0.68 

1100 

NT4 

0 

17.98 

18.31 

1.79 

1200 

NT5 

0 

18.24 

18.50 

1.41 

1300 

NT6a 

0 

18.69 

— 

— 

RT 

S10 

5 

18.66 

18.43 

-1.22 

1000 

S5 

5 

18.82 

18.33 

-2.68 

1100 

S4 

5 

18.68 

18.72 

0.2 

1200 

S3 

5 

18.52 

18.41 

-0.59 

1300 

S9 

5 

18.68 

— 

— 

RT 

T1 

10 

18.22 

18.52 

1.57 

1000 

T2 

10 

18.43 

18.64 

1.09 

1100 

T3 

10 

18.71 

18.19 

-2.87 

1200 

T4 

10 

18.47 

18.38 

-0.51 

1300 

T5 

10 

18.29 

— 

— 

RT 

aDensity  for  sample  NT6  taken  from  tungsten  rod  after  sintering  and  prior  to  machining. 


The  initial  sample  density  varied  from  17.981  to  18.819  cm3  depending  on  the  sample  type  and 
processing  condition  which  is  -93.41%  to  97.76%  of  the  theoretical  density  of  pure  tungsten 
(19.25  cm3).  Density  variation  within  the  same  sample  group  was  likely  the  result  of  non- 
uniform  densification  during  the  sintering  process.  Post-compression  density  measurements 
were  not  possible  for  the  samples  tested  at  room  temperature  because  the  samples  were  crushed 
into  pieces  too  small  to  accurately  measure  density.  Some  of  the  post-compression  density 
measurements  were  made  on  sample  pieces  remaining  after  sectioning  for  microscopy  (samples 
S3,  S4,  S5,  S10,  T3,  T4,  and  NT3).  This  may  be  the  reason  that  samples  S3,  S5,  T3,  and  T4 
showed  decreases  in  density  after  compression.  If  there  was  non-uniform  densification  during 
the  sintering  process,  the  sample  pieces  used  for  measuring  post-compression  density  may  have 
come  from  a  portion  of  the  sample  that  underwent  less  densification  than  other  portions  of  the 
same  sample.  Overall,  the  changes  in  density  after  compression  are  small  enough  to  be 
considered  negligible  and  do  not  match  the  theoretical  density. 

4.1  Nano-Tungsten 

The  results  for  the  compression  of  the  nano-tungsten  samples  are  shown  in  tables  2  and  3  and 
figure  5.  During  testing,  sample  NT1  fractured,  and  the  room  temperature  (RT)  sample  NT6  was 
crushed.  Sample  NT6  was  tested  on  the  222.41kN  (50  kip)  Instron  frame. 
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Table  2.  Compression  results  for  nano-tungsten. 


Sample 

Temperature 

(°C) 

Compression 
at  Yield 
(mm) 

L-Gauge 
Compression 
at  Yield 
(mm) 

Yield 

Stress 

(MPa) 

Strain 

at 

Yield 

L-Gauge 

Yield 

Stress 

(MPa) 

L-Gauge 
Strain  at 
Yield 

NT1 

1000 

1.84 

0.43 

1060.8 

0.305 

1588.99 

0.06 

NT3 

1100 

1.57 

0.53 

878.72 

0.253 

1266.53 

0.07 

NT4 

1200 

1.28 

0.67 

522.37 

0.198 

724.83 

0.09 

NT5 

1300 

0.29 

0.18 

149.10 

0.394 

165.30 

0.02 

NT6 

RT 

1.08 

— 

4076.31 

0.163 

— 

— 

Table  3.  Stroke  and  L-gauge  displacement  measurements  for  nano-tungsten  tests. 


Sample 

Temperature 

(°C) 

Change  in  Stroke 
(mm) 

Change  in 
L-Gauge 
(mm) 

Change  in  Sample 
Length 
(mm) 

%  Change  in 
Sample  Length 

NT1 

1000 

2.97 

1.47 

1.24 

17.78 

NT3 

1100 

2.98 

2.08 

1.63 

23.29 

NT4 

1200 

2.97 

2.18 

1.19 

16.93 

NT5 

1300 

2.97 

2.45 

0.82 

11.65 

At  1 100  °C  grain  deformation  was  observed  in  the  nano-tungsten  sample  (figure  13).  While  this 
was  not  observed  in  the  nano-tungsten  samples  with  rhenium,  the  onset  of  grain  deformation  at 
or  around  1100  °C  could  be  an  explanation  for  the  decrease  in  strength  at  temperatures  over 
1 100  °C  for  the  nano-tungsten  material. 
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Figure  5.  True  stress-strain  curves  for  nano-tungsten  samples  using  stroke  data  (a)  and 
L-gauge  data  (b). 
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4.2  Tungsten  With  Rhenium 


The  results  for  the  compression  of  the  nano-tungsten  with  5%  rhenium  samples  are  shown  in 
tables  4  and  5  and  figure  6.  Sample  S9,  was  crushed  when  tested  at  room  temperature  on  the 
Instron.  Sample  S14  fractured  during  testing. 

Table  4.  Compression  results  for  nano-tungsten  with  5%  rhenium. 


Sample 

Temperature 

(°C) 

Compression 
at  Yield 
(mm) 

L-Gauge 
Compression 
at  Yield 
(mm) 

Yield 

Stress 

(MPa) 

Strain 

at 

Yield 

L-Gauge 

Yield 

Stress 

(MPa) 

L-Gauge 
Strain  at 
Yield 

S14 

1000 

1.99 

0.43 

1245.20 

0.334 

1918.07 

0.059 

S5 

1100 

1.73 

0.46 

914.54 

0.291 

1185.39 

0.068 

S4 

1200 

1.59 

0.56 

715.60 

0.259 

888.59 

0.084 

S3 

1300 

1.27 

0.70 

445.20 

0.207 

512.83 

0.11 

S9 

RT 

1.20 

— 

2833.19 

0.169 

— 

— 

Table  5.  Stroke  and  L-gauge  displacement  measurements  for  nano-tungsten  samples  with  5%  rhenium. 


Sample 

Temperature 

(°C) 

Change  in  Stroke 
(mm) 

Change  in 
L-Gauge 
(mm) 

Change  in  Sample 
Length 
(mm) 

%  Change  in 
Sample  Length 

S14 

1000 

2.62 

1.02 

0.69 

9.83 

S5 

1100 

2.97 

1.56 

1.30 

18.71 

S4 

1200 

2.98 

1.82 

0.55 

7.81 

S3 

1300 

2.99 

2.21 

1.45 

20.88 

9 


0.00  0.10  0.20  0.30  0.40  0.50  0.60 

Strain 


Stress  Strain  L  Gauge 


Strain 


a 


- 1300C 

— — 1200C 
— 1100C 
- 1000 C 


■  Room  Temperature 


b 


- 1000 c 

- 1100C 

— 1200C 

- 1300C 

Room  Temperature 


Figure  6.  True  stress-strain  curves  for  nano-tungsten  samples  with  5%  rhenium  using  stroke 
data  (a)  and  L-gauge  data  (b). 


The  results  for  the  compression  of  the  nano-tungsten  samples  with  10%  rhenium  are  shown  in 
tables  6  and  7  and  figure  7.  The  sample  tested  at  1300  °C,  T4,  partially  embedded  into  the 
tungsten  carbide  (WC)  inserts  during  testing.  Tl,  the  sample  tested  at  1000  °C,  cracked  during 
testing.  Sample  T5,  tested  at  room  temperature,  was  crushed  during  testing  on  the  Instron. 
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Table  6.  Compression  results  for  nano-tungsten  with  10%  rhenium. 


Sample 

Temperature 

(°C) 

Compression 
at  Yield 
(mm) 

L-Gauge 
Compression 
at  Yield 
(mm) 

Yield  Stress 
(MPa) 

Strain  at 
Yield 

L-Gauge 

Yield 

Stress 

(MPa) 

L-Gauge 
Strain  at 
Yield 

T1 

1000 

1.99 

0.51 

1109.90 

0.33 

1724.14 

0.070 

T2 

1100 

1.55 

0.53 

897.92 

0.25 

1290.82 

0.072 

T3 

1200 

1.29 

0.64 

585.82 

0.20 

813.71 

0.087 

T4 

1300 

1.69 

1.36 

313.73 

0.28 

512.75 

0.18 

T5 

RT 

1.08 

— 

5041.59 

0.28 

— 

— 

Table  7.  Stroke  and  L-gauge  displacement  measurements  for  nano-tungsten  samples  with  10% 
rhenium. 


Sample 

Temperature 

(°C) 

Change  in 
Stroke 
(mm) 

Change  in 
L-Gauge 
(mm) 

Change  in 
Sample  Length 
(mm) 

%  Change  in 
Sample  Length 

T1 

1000 

2.97 

1.38 

0.97 

13.81 

T2 

1100 

2.98 

1.81 

1.69 

23.99 

T3 

1200 

2.99 

2.14 

1.78 

25.26 

T4 

1300 

2.99 

2.52 

1.38 

19.64 
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Figure  7.  True  stress-strain  curves  for  nano-tungsten  samples  with  10%  rhenium  using  stroke 
data  (a)  and  L-gauge  data  (b). 

At  room  temperature,  the  10%  rhenium  sample  had  the  highest  yield  stress,  followed  by  the 
nano-tungsten  and  the  5%  rhenium  samples.  At  1000  °C,  the  5%  rhenium  sample  had  the 
highest  yield  stress  followed  by  the  10%  rhenium  sample  and  the  nano-tungsten  sample.  This 
trend  was  observed  at  1100,  1200,  and  1300  °C.  It  is  clear  that  the  addition  of  rhenium  to  the 
nano-tungsten  sample  led  to  increased  strength  and  increased  strength  retention  at  high 
temperatures. 
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4.3  Commercial  Tungsten 


The  results  for  the  compression  of  commercially  available  samples  are  shown  in  tables  8  and  9 
and  in  figure  8.  At  1300  °C,  the  samples  deformed  the  WC  inserts;  therefore,  it  was  not  possible 
to  collect  data  at  this  temperature  from  the  commercial  tungsten  samples.  The  room  temperature 
sample  (BRT)  was  crushed  during  testing. 

Table  8.  Compression  results  commercial  tungsten. 


Sample 

Temperature 

(°C) 

Compression 
at  Yield 
(mm) 

L-Gauge 
Compression 
at  Yield 
(mm) 

Yield  Stress 
(MPa) 

Strain 
at  Yield 

L-Gauge 

Yield 

Stress 

(MPa) 

L-Gauge 
Strain  at 
Yield 

B5 

1000 

0.69 

0.25 

182.96 

0.05 

195.48 

0.02 

B3 

1100 

0.82 

0.42 

192.83 

0.06 

206.16 

0.03 

B7 

1200 

0.45 

0.22 

138.52 

0.03 

151.18 

0.02 

BRT 

RT 

1.05 

— 

1817.55 

0.09 

— 

— 

Table  9.  Stroke  and  L-gauge  displacement  measurements  for  commercial  tungsten  samples. 


Sample 

Temperature 

(°C) 

Change  in  Stroke 
(mm) 

Change  in 
L-Gauge 
(mm) 

Change  in  Sample 
Length 
(mm) 

%  Change  in 
Sample  Length 

B5 

1000 

6.41 

5.30 

5.18 

34.73 

B3 

1100 

6.41 

5.46 

4.96 

33.26 

B7 

1200 

6.41 

5.76 

5.03 

33.77 
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Figure  8.  True  stress-strain  curves  for  commercial  tungsten  samples  using  stroke  (a)  and 
L-gauge  data  (b). 

The  commercial  tungsten  samples  failed  at  the  lowest  loads  and  stresses.  They  also  underwent 
the  largest  percent  changes  in  sample  length  during  deformation,  showing  the  most  ductility. 
The  nano-grained  tungsten  samples,  with  and  without  rhenium,  yielded  at  much  higher  loads 
with  less  strain  to  yield. 
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4.4  L-Gauge  and  Stroke  Comparison 

Throughout  the  results,  there  are  significant  differences  between  the  data  collected  using 
machine  stroke  and  L-gauge  displacement.  These  are  listed  in  tables  2,  4,  6,  and  8  along  with  the 
changes  in  sample  length  after  compression  as  shown  in  figures  5-8.  Since  the  displacement 
measured  by  the  L-gauge  is  much  less  than  the  displacement  from  machine  stroke,  it  makes 
sense  that  the  true  yield  stresses  calculated  from  the  L-gauge  data  are  higher;  the  same  force  is 
being  applied  to  a  sample  with  a  smaller  calculated  diameter.  For  each  sample,  the  displacement 
of  the  L-gauge  is  closer  to  the  actual  deformation  of  the  sample  than  the  machine  stroke 
displacement.  This  implies  that  the  L-gauge  does  not  sense  many  of  the  compliance  issues 
inherent  in  the  motion  of  the  Gleeble  (for  example,  slack  from  the  hydraulic  ram).  Although  the 
L-gauge  measurements  are  more  accurate  than  stroke  measurements  in  representing  the  final 
measured  compression  of  the  sample,  there  are  still  some  discrepancies  between  the  L-gauge 
measurements  and  the  measured  compression  of  the  samples  (likely  a  result  of  friction  or  thermal 
expansion). 

4.5  Temperature  Effects 

The  stress-strain  curves  at  each  of  the  test  temperatures  for  the  different  tungsten  samples 
measured  via  machine  stroke  are  shown  in  figure  9  and  via  the  L-gauge  in  figure  10.  The  room 
temperature  results  from  the  Instron  are  shown  in  figure  1 1 . 
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Figure  9.  True  stress-strain  data  using  stroke  measurements  for  each  tungsten  sample  at  1000  (a),  1100  (b),  1200 
(c),  and  1300  °C  (d). 
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Figure  10.  True  stress-strain  data  using  L-gauge  measurements  for  each  tungsten  sample  at  1000  (a),  1100  (b), 
1200  (c),  and  1300  °C  (d). 
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Figure  1 1 .  True  stress-strain  data  measured  at  room  temperature  on  the  Instron. 

The  5%  rhenium  samples  had  the  highest  yield  stress  at  all  temperatures  tested  except  for  the 
room  temperature  tests  (at  1 100  °C  the  5%  rhenium  sample  had  the  highest  yield  stress  as 
measured  by  the  machine  stroke  but  not  as  measured  by  the  L-gauge).  The  slope  for  the  5% 
sample  is  different  from  the  other  samples;  this  may  have  been  caused  by  the  failure  of  the 
compression  platens  used  with  the  Instron  during  this  test.  It  is  not  clear  why  the  5%  rhenium 
samples  had  higher  yield  strengths  than  the  10%  rhenium  samples  at  elevated  temperatures.  As 
shown  in  table  1,  there  were  no  significant  differences  in  the  densities  of  the  5%  and  10% 
rhenium  samples.  At  room  temperature,  different  deformation  mechanisms  are  active  than  at 
high  temperatures,  which  may  explain  why  the  10%  rhenium  sample  had  the  highest  yield 
strength  at  room  temperature.  The  failure  of  the  compression  platens  when  testing  the  5% 
rhenium  sample  may  have  also  been  an  influence  (based  on  other  tests,  this  may  only  be  of 
minimal  impact). 

It  is  not  clear  from  the  data  how  much  ductility  has  been  imparted  from  the  addition  of  rhenium. 
At  room  temperature,  the  10%  rhenium  sample  failed  at  a  strain  value  very  close  to  the  failure 
strain  of  the  commercial  tungsten,  both  of  which  had  much  higher  strain  at  failure  values  than  the 
nano-tungsten  or  5%  rhenium  samples  (the  5%  rhenium  sample  did  have  a  higher  strain  at  failure 
than  the  nano-tungsten  sample).  During  Gleeble  testing,  the  samples  were  not  tested  to  failure. 

At  1000  °C,  all  of  the  samples  except  for  the  commercial  tungsten  sample  cracked  during  testing. 
At  1 100  to  1300  °C,  the  samples  did  not  crack.  The  10%  rhenium  samples  did  exhibit  the 
second  largest  percentage  change  in  sample  length  after  compression  (the  commercial  tungsten 
samples  showed  the  most),  followed  by  the  nano-tungsten  and  5%  rhenium  samples, 
respectively.  However,  from  the  scatter  in  the  data  and  the  low  number  of  data  points  used,  it 
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may  not  be  prudent  to  draw  any  significant  conclusions  about  the  ductility  of  the  samples  at  high 
temperatures.  It  should  be  noted  that  the  nano-tungsten  samples  had  some  residual  porosity  as 
indicated  by  the  final  density  of  each  sample.  The  size,  concentration  and  morphology  of  these 
defects  affect  the  ductility  of  each  sample  by  enhancing  the  probabilities  of  crack  initiation  and 
propagation.  At  room  temperature,  it  appears  that  the  addition  of  rhenium  improved  the  ductility 
of  the  nano-tungsten  and  approached  that  of  commercial,  large  grained  tungsten  with  10% 
rhenium.  In  figure  11,  there  is  a  sharp  bend  in  the  10%  rhenium  curve  (at  a  strain  of  about  0.15) 
followed  by  an  increase  in  the  applied  stress  until  another  sharp  bend  occurs  at  an  approximate 
strain  of  0.25.  This  lower  (first)  yield  point  has  been  observed  to  occur  without  cracking  while 
the  second  yield  point  has  been  observed  to  coincide  with  cracking.  This  behavior  was  observed 
during  subsequent  testing  of  samples  of  smaller  size  but  the  same  composition  as  the  10% 
rhenium  samples.  This  yield  point  behavior  is  commonly  seen  in  body  centered  cubic  (BCC) 
metals  and  can  be  attributed  to  dislocation  mobility  theories  ( 8 ).  The  basic  principles  are  that  the 
dislocations  present  within  the  crystal  structure  are  locked  in  place  by  solute  atoms  until  an 
applied  stress  provides  the  energy  for  the  dislocations  to  break  free  and  move.  This  dislocation 
mobility  is  a  sign  that  the  material  has  some  ductility  and  is  able  to  flow  without  cracking.  This 
behavior  was  also  seen  in  the  commercial  tungsten  sample.  Neither  the  5%  rhenium  sample  nor 
the  nano-tungsten  sample  exhibited  this  behavior  of  two  yield  points,  showing  an  overall  lack  of 
ductility. 

4.6  Microscopy 

4.6.1  Nano-Tungsten  Samples 

The  tungsten  samples  that  showed  the  most  compression  (the  largest  changes  in  length)  were 
sectioned  for  microscopy.  Figure  12  shows  the  microstructures  of  nano-tungsten  sample  NT3  as 
processed  and  after  Gleeble  testing. 
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Figure  12.  Micrographs  of  nano-tungsten  sample  NT3  taken  at  500x,  5000x,  and  25,000x  magnification  as 
processed  (a,  b,  and  c)  and  after  Gleeble  testing  at  1 100  °C  (d,  e,  and  f). 

There  did  not  appear  to  be  any  change  in  the  grain  size  of  the  nano-tungsten  samples  without 
rhenium  after  Gleeble  testing.  However,  due  to  fewer  large  pores  in  figure  12  (image  f  compared 
to  image  c),  sample  porosity  may  have  decreased  after  testing.  While  it  is  not  clear  how 
representative  these  images  are  of  the  whole  sample,  this  sample  did  exhibit  a  small  increase  in 
density  after  testing  (all  of  the  nano-tungsten  did  show  increases  in  density  after  testing,  albeit 
insignificantly  small  changes).  It  is  possible  that  some  porosity  was  closed  during  testing.  At 
high  magnification  there  does  seem  to  be  signs  of  grain  flow  (see  the  circled  area  in  figure  13)  at 
1 100  °C  with  some  of  the  grains  showing  signs  of  being  elongated  and  realigned.  These  grains 
were  observed  in  the  direction  of  compression  (the  longitudinal  plain  parallel  to  the  loading 
direction),  along  the  edge  of  the  sample,  and  only  at  high  magnification  (25,000x). 
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Figure  13.  Images  taken  at  25,000x  magnification  of  nano-tungsten  sample  NT3  tested  at  1100  °C 
from  the  center  of  the  sample  (a)  and  the  edge  of  the  sample  (b). 

4.6.2  Tungsten  With  Rhenium 

Figure  14  shows  the  microstructures  of  the  tungsten  5%  rhenium  sample  S3  as  processed  and 
after  Gleeble  testing  at  1300  °C,  while  figure  15  shows  the  microstructures  for  the  tungsten  10% 
rhenium  sample  T3  as  processed  and  after  Gleeble  testing  at  1200  °C. 


Figure  14.  Micrographs  of  nano-tungsten  5%  rhenium  sample  S3  as  processed  (a,  b,  and  c)  and  after  Gleeble 
testing  at  1300  °C  (d,  e,  and  f)  taken  at  500x,  5000x,  and  25,000x  magnification. 
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Figure  15.  Micrographs  of  nano-tungsten  sampleT3  with  10%  rhenium  as  processed  (a,  b,  and  c)  and  after 
testing  (d,  e,  and  f)  at  1200  °C  taken  at  500x,  5000x,  and  25,000x  magnification. 


The  nano-tungsten  samples  with  rhenium,  both  5%  and  10%,  did  not  show  any  microstructural 
changes,  either  in  size  or  flow.  There  may  have  been  some  changes  in  porosity  as  the  high 
magnification  images  in  figures  14  and  15  do  appear  to  show  fewer  large  pores.  However,  both 
of  these  samples  showed  decreases  in  density  after  testing,  making  it  unclear  whether  or  not  any 
porosity  was  closed  off  during  testing.  Also,  it  is  not  clear  how  representative  these  micrographs 
are  of  each  sample.  If  there  are  changes  in  the  porosity  of  the  5%  and  10%  rhenium  samples,  it 
is  not  as  evident  as  in  the  unalloyed  nano-tungsten  samples.  This  suggests  that  the  rhenium  adds 
stability  to  the  microstructure  and  may  inhibit  strain  localization  and  provide  better  mechanical 
properties  than  pure  nano-tungsten.  However,  Butler  et  al.  (9)  has  shown  that  rhenium  does  not 
inhibit  strain  localization,  at  least  in  the  case  of  room  temperature  tests,  and  may  actually  assist 
in  localization  by  providing  the  ductility  required  to  achieve  localization  at  low  temperatures  (9). 
Furthermore,  the  microstructural  changes  observed  in  the  localized  regions  of  polished 
specimens  are  very  subtle  and  may  have  been  overlooked  in  this  study.  There  are  some  large 
rhenium  agglomerates  present  in  the  5%  rhenium  sample  micrographs  that  are  not  present  in  the 
10%  rhenium  sample  micrographs.  These  regions  of  high  rhenium  concentration  could  result  in 
the  formation  of  hard  a  phase  precipitates  (WRe),  which  have  been  shown  to  strengthen  the 
material  at  the  expense  of  room  temperature  ductility  (10).  This  may  be  the  reason  that  the  5% 
rhenium  samples  exhibited  a  higher  yield  stress  at  elevated  temperatures  than  the  10%  rhenium 
samples. 
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4.6.3  Commercial  Tungsten 

Figures  16-18  show  the  microstructures  of  the  as  processed  commercial  tungsten  samples. 


Figure  16.  Optical  micrographs  of  the  commercial  tungsten  sample  taken  with  a  5x  objective  lens  in  the 
compression  direction  (a)  and  transverse  direction  (b). 
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Figure  17.  Micrographs  of  the  commercial  tungsten  sample  in  the  compression  direction  taken  at  500x, 
lOOOx,  and  10,000x  magnifications. 


Figure  18.  Micrographs  of  the  commercial  tungsten  sample  in  the  transverse  direction  taken  at  500x,  lOOOx,  and 
10,000x  magnification. 

After  Gleeble  testing  at  1200  °C,  the  commercial  tungsten  sample,  B3,  did  not  show  any  change 
in  grain  size  in  the  compression  direction  but  did  show  grain  size  reduction  and  grain  flow 
(figure  19)  in  the  transverse  direction  (perpendicular  to  the  compression  direction). 
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Figure  19.  Micrographs  of  commercial  tungsten  sample  B3  at  250x  and  lOOOx  magnifications  after  Gleeble 
testing  at  1200  °C. 

The  grains  can  be  seen  to  have  changed  their  alignment  and  appear  to  be  bending  towards  the 
barreling  direction.  The  commercial  tungsten  sample  showed  more  microstructural  change  than 
the  nano-tungsten  sample,  which  correlates  well  with  the  lower  mechanical  strength  exhibited  by 
the  commercial  tungsten. 


5.  Conclusions 


The  results  of  the  Gleeble  testing  followed  the  expectation  that  the  nano-grained  tungsten  was 
stronger  and  less  ductile  than  the  conventional  commercial  tungsten  sample  at  temperature.  By 
adding  5%  and  10%  rhenium  to  the  nano-tungsten  it  was  possible  to  increase  the  material 
strength  and  to  retain  more  strength  at  higher  temperatures.  The  addition  of  rhenium  also 
improved  grain  stability.  There  was  no  grain  growth  or  flow  evident  in  the  nano-tungsten 
samples  with  rhenium  while  grain  flow,  but  not  growth,  was  observed  in  the  nano-tungsten 
sample.  Grain  refinement  and  flow  were  observed  in  the  commercial  tungsten  sample. 

Under  the  chosen  test  parameters  the  Gleeble  did  not  provide  the  post-processing  needed  to 
further  densify  the  sintered  tungsten  samples.  While  the  Gleeble  could  easily  reach  the  test 
temperatures  desired  and  could  deform  the  tungsten  samples,  there  are  areas  for  improvement. 

At  temperatures  above  1200  °C,  there  were  problems  with  the  anvils  softening  during  testing. 
This  could  be  overcome  with  improved  diffusion  barriers  and  anvils  with  better  high  temperature 
strength  and/or  reduced  resistive  heating.  These  changes  could  improve  the  simulation  of 
post-processing  conditions  at  the  high  temperatures  required  for  conventional  deformation 
processing  of  tungsten  (the  first  steps  in  the  forming  process  generally  occur  between  1500  and 
1700  °C  with  each  subsequent  step  occurring  at  lower  temperatures  [5]).  These  improvements 
would  allow  for  the  effective  processing  of  nano-tungsten  and  nano-tungsten  alloys  to  achieve 
superior  strength,  ductility,  and  fracture  toughness  for  room  temperature  applications. 
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With  proper  processing  controls,  rhenium  can  dramatically  improve  the  ductility  of  nano¬ 
tungsten.  At  room  temperature,  the  10%  rhenium  sample  showed  almost  as  much  ductility  as  the 
commercial  tungsten  sample;  neither  sample  cracked  until  reaching  strain  values  of  -0.25,  much 
higher  than  for  the  5%  rhenium  or  the  unalloyed  nano-tungsten  sample.  Unfortunately,  it  is 
difficult  to  remove  the  effects  of  microstructural  defects  and  residual  porosity  when  determining 
the  high-temperature  properties  and  processability  of  these  nano-tungsten  samples. 

Lower- temperature  testing  (below  1000  °C)  needs  to  be  investigated  to  accurately  identify  the 
ductile-to-brittle  transition  temperatures  of  nano-tungsten  and  nano-tungsten  alloys. 
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